also coupled to the reduction of Mn(IV), U(VI), fumarate, thiosulfate, or trimethylamine n-oxide under anaerobic conditions. BrY provides a model for how enzymatic metal reduction by respiratory metal-reducing microorganisms has the potential to contribute to the mobilization of iron and trace metals and to the immobilization of uranium in sediments of Great Bay Estuary.
which enzymatically reduced Fe(III) could be recovered from the sediments (32) .
The purpose of this study was to attempt to isolate in pure culture some of the Fe(III)-reducing microorganisms responsible for Fe(III) reduction in Great Bay estuarine sediments. Here we report the isolation of a hydrogen-oxidizing Fe(III)-reducer which may provide a model for microbial Fe(III) reduction in this environment. The isolate was temporarily designated BrY.
MATERIALS AND METHODS
Source of organism. Inocula for enrichments were collected by taking cores of near-shore sediments in Great Bay, New Hampshire (9) . The top 3 cm of sediment was extruded into glass bottles and immediately transported back to the laboratory, where it was flushed with N2 to maintain anaerobic conditions. Enrichment and isolation. Standard anaerobic techniques (3, 12, 30) were used throughout as previously described (22) . All anaerobic incubations were in anaerobic pressure tubes or serum bottles capped with thick butyl rubber stoppers. All anaerobic media were extensively bubbled with N2-C02 (80:20) to remove dissolved 02. The gas phase overlying the medium was N2-C02 (80:20) unless specified otherwise. Medium constituents were sterilized by autoclaving (121°C, 20 min). All incubations were at 30°C in the dark.
The Fe(III) enrichment medium, described previously (22) , contained major and minor trace metals, vitamins, and ca. 250 mmol of a synthetic, poorly crystalline Fe(III) oxide per liter (20) . Acetate (20 mM) and yeast extract (0.05 g/liter)
were provided as potential electron donors and carbon sources. The enrichment was initiated by adding anaerobic sediment (1 ml) to sterile enrichment medium (9 ml) under a stream of N2-C02 (80:20).
The basal culture medium was the same as that described previously for the culture of "G. metallireducens" (22) . Fe Uranium reduction. BrY was examined for its potential to reduce U(VI) in a manner similar to that previously described for Desulfovibrio desulfuncans (24) . BrY grown in Fe(III)-citrate medium with lactate as the electron donor were collected by centrifugation and washed three times in sodium bicarbonate buffer (2.5 g/liter) under N2-CO2. Washed cells were suspended in bicarbonate buffer that was amended with uranyl acetate (0.5 mM) and lactate (5 mM). Subsamples (0.5 ml) were withdrawn over time and analyzed for U(VI).
Analytical techniques. Fe(III) reduction was monitored by measuring the accumulation of Fe(II) over time. The amount of Fe(II) solubilized after 15 min in 0.5 N HCI was determined with ferrozine as previously described (22) . Cell numbers in cultures growing on Fe(III) were determined by a modification of the epifluorescent microscopy technique (11) as previously described (22) . Cell densities in cultures without Fe(III) were monitored by directly inserting the culture tubes into a Spectronic 20 spectrophotometer and measuring the A540.
H2 was quantified by gas chromatography using either a thermal conductivity detector (stoichiometry studies) or a reduction gas analyzer (threshold studies). U(VI) was measured under anaerobic conditions, as previously described (8, 25) , with a Kinetic Phosphorescence Analyzer (KPA-10; Chemchek Instruments).
Moles percent guanosine plus cytosine (G+C) was determined by the thermal denaturation procedure described by Marmur and Doty (29) .
The presence of poly-,-hydroxybutyrate was detected by fluorescence staining with Nile Blue-A (31). Cells stained with uranyl acetate were examined with a JEOL 100 transmission electron microscope at 60 kV.
RESULTS AND DISCUSSION Enrichment and isolation. Three successive transfers (10% inoculum) of a positive enrichment continued to actively reduce Fe(III) in the enrichment medium. The third transfer was streaked on agar slants of medium with acetate as the sole electron donor and nitrate as the sole electron acceptor. An isolated colony was used to inoculate liquid acetatenitrate medium, which was subsequently diluted to extinction. The highest dilution (10-v) which had cell growth was subcultured aerobically on nutrient agar. An isolated colony was selected for further study. With continued aerobic subculture on nutrient agar, an isolate of uniform cell and colony morphology was obtained.
Well-isolated colonies on nutrient agar were pink, round, and glossy. Cells were straight rods 0.75 to 1.5 p,m in length by 0.5 ,um in width (Fig. 1 ). They were motile and possessed one or two polar or bipolar flagella. Cells were gram negative, nonfermentative, and oxidase positive (1% dimethyl-pphenylenediamine hydrochloride) and contained granules of poly-13-hydroxybutyrate. These phenotypic characteristics are consistent with the genus Pseudomonas (4). However, the G+C content was 53 mol%, which does not fall in the range of 58 to 70 mol% typically associated with Pseudomonas spp. (4 Two other microorganisms, a Pseudomonas sp. (2) and S. putrefaciens (26) , have previously been shown to obtain energy to support growth from this reaction. These organisms also need organic carbon sources for growth on H2 and Fe(III). The Pseudomonas sp. requires additions of yeast extract (2) , and S. putrefaciens requires the presence of an amino acid mixture (26) .
Oxidation of organic compounds. Acetate did not serve as an electron donor for Fe(III) reduction. This was unexpected, because the enrichment that yielded BrY contained Other organisms that were active in the enrichment phase were apparently unable to grow aerobically on nutrient agar. This is consistent with the fact that the acetate-oxidizing Fe(III)-reducing microorganism "G. metallireducens" is a strict anaerobe (22) .
BrY grew in medium with lactate as the sole electron donor and poorly crystalline Fe(III) oxide (Fig. 3) benzoate nor phenol (each at 0.5 mM) could serve as sole electron donor for Fe(III) reduction.
Other electron acceptors. In addition to synthetic Fe(III) oxide and Fe(III) citrate, BrY also reduced the Fe(III) oxides in sediments from the Potomac River (Fig. 4) . BrY grew in medium with lactate (30 mM) or H2 as an electron donor and Mn(IV) as an electron acceptor (Fig. 5A) . BrY did not grow in Mn(IV) medium without lactate or H2. Production of Mn(II) was not quantified. However, it was routinely observed that during growth in the presence of Mn(IV), the brown MnO2 precipitate was converted to a white precipitate. Previous studies have demonstrated that under similar culture conditions, microbial Mn(IV) reduction converts MnO2 to the white, Mn(II)-containing mineral rhodochrosite, MnCO3 (22, 26) .
With 30 mM lactate as the sole electron donor, BrY grew with fumarate, thiosulfate, or trimethylamine n-oxide (each at 20 mM) as the sole electron acceptor (Fig. SB) . Although part of the enrichment procedure leading to the isolation of BrY involved growth in an acetate-nitrate medium, the pure culture of BrY grew poorly on nitrate (Fig. 5B) . Cells did not utilize sulfate, sulfite, or elemental sulfur as terminal electron acceptors. Cell suspensions of BrY reduced U(VI) (Fig.  6 ). The ability of BrY to grow with U(VI) as the sole electron acceptor was not evaluated.
Biogeochemical implications. The isolation of an H2-oxidiz- ing Fe(III)-reducing microorganism from sediments of Great Bay further confirms the previous suggestion (32) that microorganisms can directly influence the remobilization of iron in this saline environment. H2 has been detected in a variety of environments in which Fe(III) reduction is the predominant terminal-electron-accepting process (6, 18, 21) and is expected to be an important intermediate in the decomposition of fermentable compounds in such sediments (14) . Therefore, H2 consumption by organisms with a metabolism like that of BrY could play an important role in organic-matter oxidation coupled to Fe(III) reduction in Great Bay. In contrast, the metabolism of lactate and pyruvate by BrY is not expected to be an important component of carbon and electron flow, because lactate and pyruvate are expected to be minor extracellular intermediates in Fe(III)-reducing environments (14, 23) . Furthermore, the partial oxidation of lactate or pyruvate to acetate still leaves the majority of the electron equivalents in acetate, which must be metabolized by organisms with a metabolism like that of "G. metallireducens" (22, 28) or strain 172 (17) .
With Fe(III) citrate as the electron acceptor, BrY metabolized H2 down to concentrations of less than 0.015 Pa. Under similar conditions, S. putrefaciens has a minimum threshold of 0.04 Pa (26) . In comparison, pure cultures of sulfate reducers typically have minimum thresholds for hydrogen uptake of ca. 1 Pa (7). These findings provide further pure-culture evidence for the hypothesis that when The reduction of soluble U(VI) to insoluble U(IV) is an important sink for the removal of dissolved uranium from aquatic environments (1, 13, 33) . Recent studies have suggested that U(VI) reduction in aquatic sediments is the result of an enzymatic reaction catalyzed by Fe(III)-or sulfatereducing organisms (8, 24, 25) . The reduce U(VI) suggests that U(VI) reduction may be a common capability of dissimilatory Fe(III) reducers.
In summary, BrY represents a new addition to the relatively small group of organisms that are known to obtain energy to support growth by coupling the oxidation of organic compounds or H2 to the reduction of Fe(III). It is becoming increasingly apparent that enzymatic mechanisms are responsible for much of the reduction of Fe(III) (27) , U(VI) (25) , and possibly other metals in aquatic sediments. Thus, continued isolation and characterization of respiratory metal-reducing microorganisms like BrY is likely to yield further insight into the factors controlling the rate and extent of metal reduction.
